ABSTRACT: Comparative histological and stereological analysis of gonads from longline-and purse seine-caught Atlantic bluefin tuna Thunnus thynnus was undertaken to assess the reproductive potential of the population in the western Mediterranean breeding area. Bluefin tuna sampled by purse seine clearly had higher gonadosomatic index values (GSI) than those caught by longline. While no remarkable histological differences were found between purse seine-and longline-caught males, the ovarian histology indicated a higher level of maturity in females from purse-seine samples, where most specimens were found to be in active spawning (AS). Within the longline sample the proportion of active spawning females was considerably higher at the end of the fishing season (midJune to mid-July) than earlier in May to mid-June (52.8 vs. 24%). Stereological analyses revealed that the samples collected by the 2 sampling gears differed primarily in the numbers of migratorynucleus oocytes, which were overwhelmingly more abundant in purse-seine catches, with average relative fecundity: 59 oocytes g -1 vs. 1.2 oocytes g -1 (purse-seine vs. longline). The frequency of ovaries with postovulatory follicles (POFs) in purse seine-caught bluefin tuna was 83.7%, equivalent to a spawning interval of 1.2 d; in contrast, only 32.6% of the females in longline catches had POFs, representing a spawning interval of 3.1 d. Assuming an average individual duration of the spawning process of 14 d, and considering the estimates of fecundity and spawning interval obtained from purse-seine samples, the average annual fecundity of bluefin tuna in the Balearic spawning ground would be approximately 77 × 10 6 eggs (relative fecundity of 702 eggs g -1 BW [body weight]).
INTRODUCTION
Modern electronic tagging programs have provided invaluable data on the dynamics of Atlantic bluefin tuna populations (Lutcavage et al. 1999 , 2000 , De Metrio et al. 2002 , Wilson et al. 2005 , but this information needs to be accompanied with meaningful biological interpretations of migratory patterns. Accurate assessment of reproductive parameters, such as age at maturity, fecundity, spawning frequency, and spawning sites and schedules, is essential for understanding the population dynamics of tunas and for the management of tuna fisheries. Considerable progress has been made in recent years in understanding the reproduction of Atlantic bluefin tuna, but many questions still remain to be answered. One of the most controversial issues regarding bluefin tuna reproductive biology is age-at-maturity. While age at 50% maturity has been definitely established at 3 yr for eastern populations (Corriero et al. 2005) , maturity is believed to start as late as Age 6 in the western stock (Baglin 1982) . Such a difference in ageat-maturity between eastern and western populations is difficult to support in terms of reproductive physiology and ecology, hence further investigations on bluefin tuna reproduction in the West Atlantic and Mediterranean are needed with a view to clarifying these and other discrepancies. The classical list of Mediterranean spawning sites (Balearic archipelago and southern Thyrrhenian Sea) has recently been extended, with the addition of 2 spawning grounds located in the Levantin Sea (Karakulak et al. 2004 , Oray & Karakulak 2005 and around Malta (A. Corriero pers. comm.). Understanding and quantifying the reproductive potential of local bluefin tuna populations in all these geographic locations is of great importance to research into population dynamics and management models for the species.
A major limitation of biological research on wild bluefin tuna populations is the nearly complete dependence of scientific sampling on commercial fisheries. The inability to design the most appropriate sampling protocols and methods of capture may result in biased interpretations associated with the particular selectivity of the fishing gear used. In the present study, a comparative histological and stereological analysis of gonads from bluefin tuna caught by longline and purse seine vessels was undertaken with the aim to (1) improve our knowledge on the reproductive biology of bluefin tuna in the western Mediterranean breeding area, and (2) evaluate the influence of the methods of capture in the assessment of reproductive parameters.
MATERIALS AND METHODS
Sample collection. Breeding bluefin tuna were sampled from waters around the Balearic Islands by longline and purse-seine vessels. A total number of 223 ind. -140 females and 83 males -were collected by Japanese-type longline between May and July in 2003, 2004 and 2005 . Their estimated weight averaged 201.5 ± 52.1 kg (range: 15 to 375 kg). The longlines bore up to 1200 hooks baited with squid Illex spp., which were distributed in the water column at depths ranging between ~50 m (water temperature 15-17°C) and 125 m (~14°C). The lines were always retrieved at dawn, usually 36 to 48 h after they were set. The purseseine sample was obtained between mid-June and mid-July in 2000, 2001, 2002 and 2005 , and comprised a total number of 99 tuna, 56 females and 43 males, weighing 122.8 ± 83.7 kg (range: 15 to 349 kg). This sample was far smaller than the longline sample because purse seine-caught tuna are maintained alive for farming; therefore only the few specimens that die during fishing operations or transfer to towing cages are available.
All individual tuna were measured to the lowest 1 cm curved fork length (CFL); this measure was then transformed into straight fork length (FL) using the formula: FL = CFL × 0.955. This allowed further estimation of total body weight (BW), according to the equation BW = 1.9607 × 10 -5 × FL 3.0092 (For ICCAT conversion factors see: http://iccat.es/Documents/Stats/convers.pdf). Following evisceration, the gonad pairs were weighed to the nearest 1 g, and the gonadosomatic index (GSI) calculated as GSI = GW × 100/BW, where GW represents the gonad weight. Volumetry of gonads is frequently difficult to carry out aboard commercial fishing vessels. So when ovarian volume (OV) measures were unavailable, OV was estimated from ovarian weight (OW) using the equation: OV = 0.9174 × OW, which resulted from a previous regression analysis between OW and OV values measured in a sample of 141 individuals whose OW ranged between 0.54 and 7.29 kg (r 2 = 0.98). Histology. A transverse slice from the middle region of 1 of the gonads (ca. 5 mm thick) was cut into smaller pieces, each comprising several lamellae, which were fixed and preserved in 4% neutral buffered formaldehyde until use. Once in the laboratory, tissue samples were dehydrated in a graded series of ethanol, cleared in xylene and embedded in paraffin wax. The volume loss occurred throughout dehydration of the ovarian tissue in 28 specimens was estimated to be close to 25%, with V F = 0.72 × V I (r 2 = 0.89; n = 28), where V F is the volume of the histological specimen measured after dehydration and V I represents its initial volume.
Cross histological sections were cut at 6 µm and testicular samples stained with haematoxylin-eosin (H-E), whereas ovarian sections were stained with haematoxylin-VOF (H-VOF) (Gutiérrez 1967) . H-VOF staining was preferred over conventional H-E staining for ovarian tissue because it aids identifying tiny yolk granules in early vitellogenic oocytes, thus allowing neat discrimination between this population of oocytes and large previtellogenic oocytes (lipid stage), which have similar size and morphological appearance. Slides were examined and photographed on a Leitz DMR BE light microscope equipped with a digital camera.
Male histological classification.
Male tuna are considered mature (Fig. 1) when spermatozoa are present in the sperm duct. Schaefer (1996 Schaefer ( , 1998 proposed a further classification for mature males based on histological evidence of recent spawning, which is detectable only within 12 h following the spawning event. Unfortunately, accurate determination of the spawning condition of males was impracticable in this study because the exact (Baglin 1982 , Schaefer 2001 , Susca et al. 2001 , Corriero et al. 2003 , Abascal & Medina 2005 . Hence, all stages of oocyte development can be found in the ovary during the reproductive season. According to the different developmental stages, oocytes were classified as perinucleolar, lipid stage, vitellogenic, migratory nucleus, and hydrated (Fig. 1) . Additionally, histological sections of the ovaries were examined for the presence of atretic and postovulatory follicles. Although vitellogenic oocytes are commonly divided into early yolked and advanced yolked (Schaefer 2001) , we have grouped all these oocytes into a single class because no clear borderline can be objectively traced between 2 distinct categories of vitellogenic oocytes, which may cause problems in stereological quantifications. Depending on the most advanced group of oocytes encountered in the ovary and the extent of atresia, and following classifications by Schaefer (1996 Schaefer ( , 1998 and Schaefer et al. (2005) , female bluefin tuna were classed into one of 4 maturational stages (Fig. 1) . The ovaries of active nonspawning (AN) females contain advanced vitellogenic oocytes and minor, if any, α atresia (Fig. 1C) . Females are classified as active spawning (AS) if the ovaries show additional evidence of either recent spawning (postovulatory follicles are present) or imminent spawning (migratory-nucleus or hydrated oocytes can be identified) (Fig. 1D ). Females are considered inactive mature (IM) when they have entered into regression following a phase of reproductive activity, in which case the ovary contains either previtellogenic or early yolked oocytes plus α and/or β atresia ( Fig. 1E ), or advanced yolked oocytes plus major atresia. Finally, in immature (I) females, only previtellogenic or early yolked oocytes (and no sign of atresia) are found in the ovary (Fig. 1F) .
Image analysis and stereology. Ten different images of each ovarian histological section were recorded. A calibration scale was photographed at the same magnification in order to accurately determine cell dimensions in the digital images.
The number of oocytes of different categories present in the ovaries was estimated by the stereological method (Weibel & Gómez 1962 , Weibel et al. 1966 , which has been applied for oocyte counting in various fish species (Emerson et al. 1990 , Greer Walker et al. 1994 , Coward & Bromage 1998 , 2001 , 2002a ,b, Bromley et al. 2000 , Medina et al. 2002 , Murua et al. 2003 . The stereological procedure allows calculation of the number of oocytes per unit volume of ovary (N V , numerical density) from microscope images, according to the formula: where β is a shape coefficient, K is a size distribution coefficient, N A is the number of oocyte transections per unit area, and V V is the partial area of oocytes of a given category (volume fraction or volume density). The total number of oocytes contained in the gonads is then readily obtained extrapolating N V to the whole ovarian volume. We did not count perinucleolar oocytes, since the size of this stock has been found to remain invariable at about 6500 cells per gram of BW throughout the reproductive season (Medina et al. 2002) .
The procedure employed for stereological analysis was as described by Medina et al. (2002) with a slight modification. In the previous study V V was calculated according to the original methodology, that is, by counting the number of points of a Weibel grid that overlaid the transections of the considered oocyte type on printed micrographs. In the present investigation we have determined V V by image analysis of digital micrographs using the software 'ImageJ' (See: http://rsb.info.nih.gov/ij/). Both procedures produced equivalent results.
Statistical analysis. Individual sizes were found to be correlated with fecundity, so to test differences between both groups, data of GSI, V V , N V , absolute number of oocytes, and relative number of oocytes were compared by analysis of covariance (ANCOVA) with BW as the covariate. Dunn-Sidak multiple comparison tests were performed, when relevant, using SPSS statistical software. A p-value of < 0.05 was considered statistically significant for all tests.
RESULTS

Gonadosomatic indices
Longline-caught male tuna showed significantly smaller gonads (GSI = 2.87 ± 1.49) than specimens caught by purse-seine (GSI = 4.27 ± 1.71) ( Table 1) . Different gonad development was also found between females caught by longline (GSI = 2.83 ± 1.39) and purse-seine (GSI = 3.85 ± 1.66). We found no interannual significant differences in GSI values within groups of tuna caught with the 2 different gears.
In order to analyse possible temporal differences in longline-caught tuna, the whole sample was split into 2 groups corresponding to early captures carried out in May through mid-June and later catches occurred between mid-June and mid-July. This latter group encompassed longline catches that co-exist temporally with the purse-seine fishery. Multiple comparison test following the ANCOVA analysis showed
that GSI remained unchanged throughout the whole fishing campaign in females caught by longline (Table 2 ). This appears to indicate that dissimilarities in the degree of ovarian development observed between longline and purse-seine samples are largely due to markedly different selectivity of the gears rather than temporal differences. For males, however, strongly different GSI values were found between the specimens caught by longline in May to mid-June and those caught by purse seine, whereas the tuna fished by longline between mid-June and mid-July exhibited intermediate GSI values that were not statistically different from either of the 2 other groups (Table 2) .
Histology
Males
Histological features of testes from all specimens examined suggested the occurrence of active spermatogenesis in both purse-seine-and longline-caught bluefin tuna. At the peripheral region of the testes, the seminiferous lobules show cysts of germ cells at all developmental stages of spermatogenesis (Fig. 1A) . The central ducts of the testes lack cysts of developing male gametes, and serve for the storage of spermatozoa (Fig. 1B ). There were no marked histological differences indicative of functional differences in testicular activity between longline-and purse-seine-caught tuna. Therefore, the overall histological structure of testes can hardly account for the great disparity found in the GSIs of both groups.
Females
Unlike males, female tuna sampled by longline and purse seine differed in overall gonad histology, suggesting a distinct state of maturation. The greater part (96.3%) of the purse-seine sample (52 out of 54 ind. examined for histology) consisted of AS females, only 1 female was AN and the remaining females were classified as IM ( Fig. 2A ). There were no I specimens among the female tuna caught by purse seine. In the longline sample 35.6% of the females (47 out of 132) were identified as AS, 54.6% were considered AN, 8.3% IM, and only 2 individuals (1.5%) were classified as I (Fig. 2A) . These proportions change significantly when the longline sample is divided into 2 fishing periods as indicated above. In the group of females caught during May through mid June, 24.0% of the individuals were AS and 72.2% AN, whereas 52.8% of the females caught between mid June and mid July were AS and 28.3% AN (Fig. 2A) . It is remarkable that the percentage of IM fish was relatively high (17.0%) in the sample collected during the second period of the longline fishing season in comparison to earlier catches (2.5%). The low proportion of I females remained consistent (ca. 1.5%) throughout the whole longline fishing season.
Postovulatory follicles were present in 83.7% of the females caught by purse seine (Fig. 2B) . Considering a maximum permanence of POFs in the ovary of 24 h, the average spawning frequency can then be estimated in 0. Among all longline-caught fish the specimens containing POFs represented only 32.6% of the sample, which is equivalent to an average spawning interval of 3.1 d. Marked differences appear to occur depending on the date when the samples were taken. Thus, while POFs occurred in only 22.8% of the early catches (between early May and mid June), with a spawning interval of 4.4 d, 49.0% of females caught during the second period of the longline season (from mid-June to mid-July) had spawned within the previous 24 h, representing an average interval of 2 d between consecutive spawns (Fig. 2B) . If only active fish caught during this period are considered, the frequency of ovaries containing POFs is 58.1%, which corresponds to a spawning interval of 1.72 d. This spawning frequency is closer to that found in the purse-seine sample, but nevertheless reflects clear differences between the 2 sampling gears, even though both captures were carried out in the same period. Table 1 . summarizes the results of the stereological analysis in longline and purse-seine samples. For lipidstage oocytes, significant differences were found in the values of fractional volume (V V ) and in the estimated number of oocytes per g of BW. In vitellogenic oocytes, a slight but significant difference was present only in the numerical density (N V ), whereas the other parameters showed statistically similar values, especially the relative number of vitellogenic oocytes (number of yolked oocytes per g of BW). The strongest differences between the 2 samples were encountered in the population of oocytes at final maturation, which includes migratorynucleus and hydrated oocytes. All the estimates (V V , N V , absolute and relative numbers of oocytes) proved to be statistically different in the 2 groups (Table 1) . Particularly in purse seine-caught tuna, the average number of oocytes at final maturation, which may be considered as a reliable proxy of the species' batch fecundity, was ca. 9 million (82 oocytes g -1 ), whereas a rather exiguous amount of 300 000 final-maturation oocytes (less than 2 finalmaturation stage oocytes g -1 ) was estimated for the longline sample.
Stereology
It should be noted that dehydration of tissues prior to histological embedding results in volume losses that would affect such stereological parameters as N V and its numerical derivatives, i.e. absolute and relative number of oocytes. After applying the previously calculated correction factor of 0.72, the resulting average batch fecundities are 6.5 million eggs (relative fecundity of 59 eggs g Considering 2 separate periods for the longline fishery does not modify greatly these results ( Table 2 ). The amount of final-maturation oocytes present in the gonad were not significantly different between early and late longline catches, both values remaining far lower than in the purse-seine sample. In vitellogenic oocytes, differences persisted in N V between early-caught longline tuna and purse-seine tuna, with values in late-caught longline tuna that were intermediate between those of the 2 other groups, whereas all other stereometric parameters proved statistically similar. In particular, the estimated number of vitellogenic oocytes per g of BW was virtually identical in all 3 groups (Table 2) . Interestingly, stereological analysis of lipid-stage oocytes gave similar results in all estimated stereological parameters in earlycaught longline tuna and purse-seine tuna, whereas these values were lower in tuna captured by longline at the end of the fishing season (Table 2 ).
It appears that the extremely low mean number of final-maturation oocytes estimated for the longline sample in comparison to the tuna captured with purse seine is largely due to the small proportion of fish containing oocytes of this category in the ovaries. Nevertheless, when only specimens having oocytes at final maturation stage are considered in the statistical analysis, differences persist between both groups, with means of about 95 migratory-nucleus oocytes g -1 in purse seine-caught tuna vs. 21 migratory-nucleus oocytes g -1 in longlinecaught tuna.
DISCUSSION
In the Mediterranean Sea, bluefin tuna are caught mainly by purse seine and longline fleets. It is thought that these gears target fish that display behavioural differences and are probably at different reproductive conditions (Schaefer 2001) . Male and female bluefin tuna sampled by purse seine around the Balearic Islands clearly had higher GSIs than those caught by longline. However, no remarkable histological differences were found between purse seine-and longline-caught males. Thus, the testis histological structure suggests that males in both samples were ready to spawn. Significantly higher GSIs in mature male bluefin tuna are thought to indicate larger stores of sperm in the central ducts of the testes . Therefore, in longline-caught males, increased GSIs toward the second part of the fishing season suggest a higher sperm production and storage as the reproductive peak approaches. In females the situation is somewhat different, since the mean GSI appears to remain invariable throughout the entire longline season. Results of the stereological analysis fit well into this data, since the numbers of vitellogenic oocytes and final-maturation oocytes, which are the oocyte classes that most significantly contribute to gonad weight (Abascal 2004) , are similar in early and late longline catches. Lipid-stage oocytes, however, appear to become more scarce as the longline fishing season proceeds. This might reflect recruitment of lipid-stage oocytes into vitellogenic oocytes to compensate for losses caused by spawning and atresia, thereby maintaining a consistent pool of vitellogenic oocytes throughout the reproductive season. In support of this, the mean estimated number of yolked oocytes per g of BW remained quite constantbetween 282 and 285 oocytes g -1 -irrespective of the time and method of capture.
Histological examination of ovaries revealed indisputable differences in reproductive condition between early and late longline catches and between both of these and purse-seine catches. For instance, while most females (ca. 96%) sampled by purse seine were classified as AS, only ca. 25% of females in the early longline catches and 50% in the late longline catches exhibited histological features typical of AS fish. Similar percentages were observed for female tuna con- For longline sample, 'whole' catch was split into 2 distinct periods: early catches (May through mid-June, 1st); and late catches (mid-June to mid-July, 2nd). LL: longline; PS: purse seine longline during May through mid-June, 2 d for tuna caught by longline between mid-June and mid-July, and 1.2 d for those caught by purse seine between midJune and mid-July. All the above observations show unequivocally that in the fishing ground studied, bluefin tuna targeted by purse seining show a higher proportion of reproductive activity on average than those caught by longlining. This is true even when comparing only the samples collected by the 2 gear types at the same period, and suggests that differences result basically from the particular nature of the gears themselves. The differences observed in proportions of reproductively active females between the purse seine and longline fisheries are apparently due to differences in behavior and thus vertical distributions of those individuals. Similarly, several authors have found substantially lower reproductive activity in yellowfin tuna caught by longline in comparison to those caught by purse seine in the same area and time (Suzuki et al. 1978 , Koido & Suzuki 1989 , Bayliff 1994 . Davis & Farley (2001) showed that size partitioning by depth occurs in the spawning area of southern bluefin tuna Thunnus maccoyii. Vertical stratification by size is apparently related to spawning activity, such that spawning fish seem to be better represented in shallow catches than in deep catches, while nonspawning fish are better represented in deep catches than in shallow catches. It has been hypothesized that size partitioning with depth in this species is due to the fact that large fish spawn more often than smaller ones (Davis & Farley 2001) . These findings suggest that samples from the longline fishery are not suitable for estimating certain reproductive parameters, e.g. fecundity and spawning frequency.
The stereological concept has been applied to ovarian histological sections as an accurate tool for fecundity estimates in fishes (Coward & Bromage 2002a) . Stereometry is indeed a powerful procedure for quantifying oocytes in 3-dimensional samples. However, there is the problem that routine procedures commonly used in histology laboratories may cause significant shrinkage of the tissue samples. We calculated an average volume loss of 28% during histological processing, which should not be ignored when estimating numerical parameters by stereology. Earlier studies based on stereology (e.g. Medina et al. 2002) ) were obtained for bigeye tuna T. obesus by Schaefer et al. (2005) .
Determining the spatiotemporal distribution of bluefin tuna populations is crucial for resource management. The International Commission for the Conservation of Atlantic Tunas (ICCAT) manages Atlantic bluefin tuna as 2 separate stock units. Although information provided by electronic tags does support the occurrence of 2 independent spawning populations, these appear to intermingle in the central Atlantic. A more recent view tends to reject the concept of a bluefin tuna stock consisting of geographically and reproductively isolated populations in favour of a metapopulation-like model (Fromentin & Powers 2005) . This supports the idea that bluefin tuna function as a set of discrete populations that experience a certain degree of demographic influence from other local populations. Within each local population, individuals would have migratory behaviours and use of common habitats. According to this paradigm, global research into bluefin tuna population dynamics would require comparative trans-oceanic surveys using the same sampling protocols (Fromentin & Powers 2005) . In particular, reproductive studies should carefully consider the type of gear used in sample collection, since the results obtained may be highly variable depending on the capture methods employed.
Bluefin tuna differ from other tuna species in having a reduced spatiotemporal window for reproduction (Schaefer 2001) . In the western Mediterranean Sea, spawning takes place primarily in June/July, but the time individual fish take to complete the whole series of spawning events is so far unknown. Although breeding bluefin tuna are generally believed to reside for about 2 mo in areas of reproduction, archival data suggest that the effective time they spend on spawning grounds might actually be as short as 2 wk (see Gunn & Block 2001, p 212) . This is in agreement with the finding that spent Thunnus maccoyii are seldom encountered on their spawning grounds, suggesting that they move south soon after spawning (Farley & Davis 1998) . Our results appear to indicate similar behaviour in T. thynnus, since the low proportions of inactive fish found in both longline and purse-seine catches suggest that bluefin tuna leave the spawning grounds shortly after having accomplished their reproductive function, thus becoming invulnerable to those fisheries. Considering the average spawning frequency of 0.85 d -1 estimated for reproductively active tuna, and the average batch fecundity of 6.5 million eggs, an average individual spawning duration of 14 d in the Balearic spawning ground would yield an average annual fecundity of around 77 million eggs per fish (relative annual fecundity of 702.1 eggs per g of BW). Indeed, an appropriate combination of reproductive biology studies coupled with data generated by the various electronic tagging programmes currently operating will help obtain a better understanding of the population dynamics of bluefin tuna. Further analysis of movement patterns around reproductive grounds should be encouraged in the near future with a view to improving the assessment of reproduction of Atlantic bluefin tuna stocks and building useful management models.
